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OPTIMAL CONTROL APPLICATIONS FOR ELECTROTHERMAL MULTIJET SYSTEMS 
ON SYNCHRONOUS EARTH SPACECRAFT 

William C. I s l e y  
Head, Sys tems A n a l y s i s  and I o n  P r o p u l s i o n  S e c t i o n  

Goddard Space F l i g h t  C e n t e r  
G r e e n b e l t ,  Maryland  

A b s t r a c t  

The a p p l i c a t i o n  o f  m u l t i j e t  e l e c t r o t h e r m a l  
s y s t e m s  f o r  t h r e e - a x i s  a t t i t u d e  c o n t r o l  a n d  s t a t i o n  
k e e p i n g  o f  2 4  h o u r  s y n c h r o n o u s  communica t ion  s a t e l -  
l i t es  i s  s t u d i e d  i n  a v e r s a t i l e  s y s t e m  s i m u l a t i o n  
t h a t  u s e s  o p e r a t i o n a l  p r o p u l s i o n  s y s t e m  h a r d w a r e  i n  
c l o s e d  l o o p  tes ts .  

M i s s i o n  p a r a m e t e r s  r e q u i r e  p r e c i s e  s l e w i n g  
c a p a b i l i t y  t o  m e e t  a n t e n n a  f i n e  p o i n t i n g  to  z 0 . l o  
i n  l i m i t  c y c l e  mode o v e r  t h e  f u l l  e a r t h  d i s c .  
U s i n g  c o u p l e d  t h r e e - d e g r e e - o f - f r e e d o m  a t t i t u d e  equa-  
t i o n s  and  d i s t u r b a n c e  t o r q u e s ,  a n  o p t i m a l  c o n t r o l  
p o l i c y  i s  s y n t h e s i z e d  f o r  t h e  s l e w i n g  maneuver  
h a v i n g  a p e r f o r m a n c e  i n d e x  b a s e d  upon t i m e  o p t i m a l ,  
p r o p e l l a n t / p o w e r  o p t i m a l ,  and  w e i g h t i n g  o f  a t t i t u d e  
rates.  

F o r  c o n s t a n t  mass f l o w  p r o p e l l a n t  f e e d  sys tems,  
t h r u s t  l e v e l  d e g r a d a t i o n  w a s  shown t o  d r a s t i c a l l y  
i n f l u e n c e  b o t h  maneuver ing  t i m e  and p r o p e l l a n t  con-  
s u m p t i o n .  A t y p i c a l  case i n v o l v e d  a n o m i n a l  3 min- 
u t e  s l e w i n g  t i m e  f o r  a p o i n t i n g  v e c t o r  e x c u r s i o n  of 
6 d e g r e e s .  Wi th  c o n s t a n t  mass f l o w  f e e d ,  a c t u a l  
t h r u s t e r  t es t s  produced  40% d e g r a d a t i o n  i n  t h r u s t  
l e v e l  o v e r  a p e r i o d  of a p p r o x i m a t e l y  8 m i n u t e s  
r e q u i r e d  t o  c o m p l e t e  t h e  maneuver .  By a l t e r a t i o n  
of p e r f o r m a n c e  i n d e x ,  n e a r - o p t i m a l  b e h a v i o r  was 
a p p r o a c h e d  y i e l d i n g  a s l e w i n g  t i m e  o f  4.2 m i n u t e s ,  
which  i s  e q u i v a l e n t  t o  t h e  a v e r a g e  c o n t r o l  i m p u l s e .  
C o n t r o l  s t a b i l i t y  w a s  d e m o n s t r a t e d  f o r  t h r u s t  d e g r a -  
d a t i o n  i n  e x c e s s  of  75% o f  nominal  v a l u e s .  

P r e f a c e  

The a u t h o r  would l i k e  t o  e x p r e s s  a p p r e c i a t i o n  
f o r  t h e  s u p p o r t  p r o v i d e d  by c e r t a i n  i n d i v i d u a l s  i n  
p e r f o r m i n g  t h e  s t u d y  program d e s c r i b e d  h e r e i n .  
Programming and  o p e r a t i o n  o f  h y b r i d  c o m p u t e r  e q u i p -  
ment  w a s  c a p a b l y  h a n d l e d  by Computing and  S o f t w a r e ,  
I n c o r p o r a t e d ,  u n d e r  d i r e c t i o n  o f  M r .  Drew Dinsmore.  
A s s i s t a n c e  i n  f o r m u l a t i o n  o f  t h e  O p t i m a l  C o n t r o l  
P o l i c y  and programming o f  t h e  d i g i t a l  computer  was 
p r o v i d e d  by M a t h e m a t i c a l  S c i e n c e s  Group o f  C o l l e g e  
P a r k ,  M a r y l a n d ,  u n d 4 r  NASA C o n t r a c t  NAS 5-10349.  
S p e c i a l  t h a n k s  i s  d u e  t o  D r .  S t e p h e n  J o n e s ,  Thomas 
E n g l a r ,  and E. V .  Schumann o f  M S G  f o r  t h e i r  v a l u a b l e  
a d v i c e  i n  m a t h e m a t i c a l  model deve lopment  a n d  sys tem 
c h e c k o u t .  

I n t r o d u c t i o n  

The u s e  o f  24  h o u r  e q u a t o r i a l  s y n c h r o n o u s  
s p a c e c r a f t  f o r  communica t ions  and  e a r t h  o b s e r v a t i o n  
h a s  a l r e a d y  been  d e m o n s t r a t e d  by Syncom a n d  t h e  
A p p l i c a t i o n s  Technology S a t e l l i t e  programs.  More 
a d v a n c e d  a p p i i c a t i o n s  are  now u n d e r  s t u d y  where  
l a r g e  d i s h  a n t e n n a s  would b e  employed f o r  h i g h  g a i n  
communica t ion  be tween s a t e l l i t e  and  ground l i n k s .  

To o p t i m i z e  power r e q u i r e m e n t s  f o r  s u c h  m i s s i o n s  a t  
t h e  h i g h  f r e q u e n c i e s  i n v o l v e d ,  i t  i s  n e c e s s a r y  t o  
m a i n t a i n  n a r r o w  beamwidths  o f  t h e  o r d e r  of 0.1 
d e g r e e s  o r  less. A t  s y n c h r o n o u s  a l t i t u d e  t h e  e n t i r e  
e a r t h  d i s c  i s  c o n t a i n e d  w i t h i n  a c o n e  h a v i n g  s o l i d  
a n g l e  of  a p p r o x i m a t e l y  17 d e g r e e s .  A s p a c e c r a f t  
p o s i t i o n e d  a t  a g i v e n  s y n c h r o n o u s  l o n g i t u d e  would 
b e  c a p a b l e  o f  communica t ing  w i t h  s e l e c t e d  r e g i o n s  
on  t h e  e a r t h  s u r f a c e  d u r i n g  t h e  f i n e  p o i n t i n g  mode 
a n d ,  b y  s l e w i n g  commands, c o u l d  r e - d i r e c t  t h e  h i g h  
g a i n  a n t e n n a  t o  new s u b - s a t e l l i t e  r e g i o n s .  One 
n a t u r a l  c h o i c e  f o r  a t t i t u d e  s e n s i n g  would be  a n o r t h  
r e f e r e n c e  t o  P o l a r i s  and  local v e r t i c a l  from I R  
e a r t h  d i s c  t r a c k e r s .  T h i s  a p p r o a c h  w a s  f o l l o w e d  i n  
t h e  s u b j e c t  s t u d y  program. An a l t e r n a t i v e  and  p r o -  
m i s i n g  a p p r o a c h  would b e  t o  u t i l i z e  communica t ion  
a n t e n n a s  d i r e c t l y  i n  e s t a b l i s h i n g  a t t i t u d e  e r ro r  
s i g n a l s .  T h e r e  a r e  many p o t e n t i a l  a p p l i c a t i o n s  f o r  
s u c h  a s p a c e c r a f t .  The h i g h  g a i n ,  n a r r o w  beam 
f e a t u r e  o f  t h e  o r i e n t e d  a n t e n n a  h a s  d i r e c t  impact  
upon d e e p  s p a c e  m i s s i o n s  where  power o p t i m i z a t i o n  
becomes c r i t i c a l .  O t h e r  p o s s i b i l i t i e s  i n c l u d e  
e a r t h  - r e s o u r c e s  mapping,  d i r e c t  b r o a d c a s t ,  n a v i g a -  
t i o n ,  and m e t e o r o l o g y .  Such a s p a c e c r a f t  o f f e r s  
many o p p o r t u n i t i e s  f o r  t e c h n o l o g i c a l  d e v e l o p m e n t  i n  
c o n t r o l  s y s t e m s  and  communica t ions  i n  a d d i t i o n  t o  
t h e  d i r e c t  a p p l i c a t i o n s .  P r o p a g a t i o n  o f  h i g h  f r e -  
quency  s i g n a l s  t h r o u g h  t h e  a t m o s p h e r e ,  p o t e n t i a l  
u s e  w i t h  l a s e r  communica t ions ,  and p e r f o r m a n c e  of 
l a r g e  d i s h  r e f l e c t o r s  a r e  b u t  a few items m e n t i o n e d  
h e r e .  One b a s i c  o b j e c t i v e  i n  a s s e s s i n g  o p t i m a l  c o n -  
t r o l  f o r  s u c h  m i s s i o n s  h a s  been  t o  d e m o n s t r a t e  t h a t  
one  c a n  o b t a i n  d e s i r e d  c o n t r o l  s t a b i l i t y ,  w h i l e  a t  
t h e  same t i m e  p r o v i d i n g  p a r a m e t e r  o p t i m i z a t i o n  and  
o p e n - l o o p  a d a p t i v e  c a p a b i l i t y .  S t a b i l i t y  i m p l i e s  
m a i n t a i n i n g  a c t i v e  c o n t r o l  o v e r  w i d e  v a r i a t i o n s  i n  
p l a n t  c o n s t a n t s  and  e x t e r n a l  d i s t u r b a n c e s .  O p t i m i -  
z a t i o n  i m p l i e s  a l l o w i n g  t h e  o p t i o n  t o  s p e c i f y  s l e w -  
i n g  t i m e ,  p r o p e l l a n t  t o  be  expended,  o r  maximum 
rates  t o  b e  p e r m i t t e d .  Open-loop a d a p t i v e  c o n t r o l  
i m p l i e s  t h e  a b i l i t y  t o  a l t e r  dynamic p e r f o r m a n c e  by 
g r o u n d  command i n  o r d e r  t o  m a i n t a i n  n e a r - o p t i m i z a -  
t i o n  f o l l o w i n g  s e v e r e  p l a n t  c h a n g e s  o r  v a r i a t i o n s  
i n  e x t e r n a l  d i s t u r b a n c e s .  The c o n t r o l  s y s t e m  i m p l e -  
m e n t a t i o n  d e s c r i b e d  h e r e i n  p o s s e s s e s  a l l  o f  t h e s e  
f e a t u r e s  a n d  a l so  p r o m i s e s  t o  r e q u i r e  r e l a t i v e l y  
s m a l l  o n - b o a r d  s p a c e c r a f t  c o m p u t e r s  f o r  m i s s i o n s  
s t u d i e d .  

A t t i t u d e  c o n t r o l  f o r  s u c h  a m i s s i o n  c a n  b e  
i n c l u d e d  u n d e r  t h r e e  b a s i c  c a t a g o r i e s :  (1)  A c q u i s i -  
t i o n  C o n t r o l ,  ( 2 )  S l e w i n g  Mode C o n t r o l ,  and ( 3 )  F i n e  
P o i n t i n g  Mode C o n t r o l .  The f i r s t  c a t e g o r y  a p p l i e s  
f rom t h e  p o i n t  o f  i n j e c t i o n  of  t h e  s p a c e c r a f t  i n t o  
a n e a r - s y n c h r o n o u s  o r b i t  t h r o u g h  deployment  and  re- 
moval  o f  f i n a l  i n j e c t i o n  errors t o  t h e  p o i n t  of 
s e n s o r  a c q u i s i t i o n .  The s e c o n d  c a t e g o r y  r e f e r s  t o  
a t t i t u d e  c o n t r o l  e x e r c i s e d  be tween two s t a g e s  of 
f i n e  p o i n t i n g  mode c o n t r o l ,  which i s  u n d e r  c a t e g o r y  
t h r e e .  T h i s  p a p e r  e x a m i n e s  onLy p e r f o r m a n c e  a s p e c t s  
d u r i n g  t h e  s l e w i n g  c o n t r o l  mode. 
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S p a c e c r a f t  and  P r o p u l s i o n  System D e s c r i p t i o n  

The s p a c e c r a f t  d e s i g n  c o n c e p t  i s  b a s e d  upon 
s p i n  s t a b i l i z a t i o n  d u r i n g  a s c e n t  and  i n j e c t i o n  
p h a s e s  d u r i n g  which  t i m e  a f o l d e d  c o n f i g u r a t i o n  i s  
m a i n t a i n e d  f o r  a n t e n n a  and  solar p a d d l e s .  F o l l o w -  
i n g  d e s p i n ,  d e p l o y m e n t ,  and s e n s o r  a c q u i s i t i o n ,  t h e  
s p e c P C r a f t  c o n f i g u r a t i o n  i n  s i d e  v i e w  would a p p e a r  
as  shown i n  F i g u r e  1. The 30 f o o t  p a r a b o l i c  re- 
f l e c t o r  i s  d i r e c t e d  a l o n g  t h e  Z - a x i s ,  which  i s  a n  
e a r t h - p o i n t e d  r e f e r e n c e .  
are s u p p o r t e d  a l o n g  t h e  n o r t h - s o u t h  s p a c e c r a f t  a x i s  
a n d  o r i e n t e d  i n  t w o  o r t h o g o n a l  p l a n e s  i n  o r d e r  t o  
m i n i m i z e  v a r i a t i o n s  i n  power o u t p u t  t h r o u g h o u t  e a c h  
o r b i t .  P a d d l e  s i z e  w a s  s e l e c t e d  t o  p r o v i d e  a re- 
f e r e n c e  power of 300 wat t s  minimum f o r  e x p e r i m e n t s  
a n d  a u x i l i a r y  s u b - s y s t e m s .  The l a r g e  equipment  
compar tment  c o n t a i n s  a Res is to je t  P r o p u l s i o n  System 
which  p r o v i d e s  r e q u i r e d  c o n t r o l  t o r q u e s  f o r  f i n e  
p o i n t i n g ,  s l e w i n g  and  s t a t i o n  k e e p i n g  f u n c t i o n s  
( e a s t - w e s t ' a n d  n o r t h - s o u t h ) .  The small equipment  
compar tment  h o u s e s  t h e  c o a r s e  and f i n e  a t t i t u d e  
s e n s o r s ,  t r a c k i n g - t e l e m e t r y  and  command a n t e n n a s  
t o g e t h e r  w i t h  a s s o c i a t e d  e l e c t r o n i c  components .  
A t t i t u d e  i n f o r m a t i o n  i s  e x t r a c t e d  from t h e  P o l a r i s  
a n d  e a r t h  t r a c k e r s ,  where  a n g u l a r  rate i n f o r m a t i o n  
i s  o b t a i n e d  i n d i r e c t l y  from p o s i t i o n  s i g n a l s .  Sun 
s e n s o r s  are employed d u r i n g  i n i t i a l  a c q u i s i t i o n  
a n d  s e r v e  as  a backup d u r i n g  normal  o p e r a t i o n .  

The t w o  solar p a d d l e s  

F o u r  t h r u s t e r  modules  are l o c a t e d  on t h e  l a r g e  
e q u i p m e n t  compar tment ,  e a c h  module c o n t a i n i n g  a 
s i n g l e  r e s i s t i v e  h e a t e r  e l e m e n t  and  f o u r  j e t  f l o w  
p a s s a g e s .  F i g u r e  2 p r e s e n t s  a t o p  v i e w  o f  t h e  
s p a c e c r a f t  i n d i c a t i n g  s c h e m a t i c a l l y  t h e  j e t  l o c a -  
t i o n s .  A s i n g l e  p r o p e l l a n t  t a n k  i s  assumed w i t h  
m a n i f o l d i n g  t o  e a c h  o f  t h e  f o u r  m u l t i j e t  modules .  
S p a c e c r a f t  s t r u c t u r a l  l a y o u t  s t u d i e s  f o r  t h i s  c o n -  
f i g u r a t i o n  h a v e  shown t h a t  t h e  c o m p o s i t e  c e n t e r  o f  
mass w i l l  f a l l  somewhere between t h e  two equipment  
c o m p a r t m e n t s ,  r e s u l t i n g  i n  t h e  problem of  i m p a r t i n g  
t r a n s l a t i o n a l  f o r c e  w i t h o u t  i n t r o d u c i n g  a t t i t u d e  
d i s t u r b a n c e  t o r q u e s .  T h r e e  a l t e r n a t i v e s  w e r e  e x -  
p l o r e d .  The f i r s t ' a p p r c G h  i s  t o  l o c a t e  t h r u s t e r  
modules  a s  a t t a c h m e n t s  t o  t h e  r i b  s t r u c t u r e  of t h e  
a n t e n n a  a t  p o i n t s  where  j e t  f i r i n g s  would b e  a l o n g  
p r i n c i p a l  a x e s  a n d  t h r o u g h  t h e  c e n t e r  o f  mass .  
The second a p p r o a c h  i s  t o  c a n t  e a c h  module w h i l e  
mounted on t h e  equipment  compartment  t o  a p o i n t  
where  p u r e  t r a n s l a t i o n a l  f o r c e  i s  a c h i e v e d .  The 
t h i r d  a p p r o a c h  i s  t o  mount a l l  modules  symmetr i -  
c a l l y  on t h e  large equipment  compartment  and  b a l -  
a n c e  a t t i t u d e  d i s t u r b a n c e s  w i t h  o p p o s i n g  j e t s .  The 
f i r s t  a p p r o a c h  r e q u i r e s  f l e x i b l e  c o n n e c t i o n s  i n  t h e  
f e e d l i n e s  w i t h  s p e c i a l  mount ing  p r o v i s i o n s  f o r  each 

module.  Al though optimum from t h e  p r o p u l s i o n  and  
c o n t r o l  r e q u i r e m e n t  s t a n d p o i n t ,  i t  w a s  c o n c l u d e d  
t h a t  too many d e s i g n  p r o b l e m s  would b e  e n c o u n t e r e d  
i n  t h i s  a p p r o a c h .  The second a l t e r n a t i v e  of  c a n t -  
i n g  e a c h  module would improve  p r o p e l l a n t  comsump- 
t i o n  o v e r  t h a t  o b t a i n a b l e  u s i n g '  a p p r o a c h  3 by as  
much as 25% d u r i n g  s t a t i o n  k e e p i n g  o p e r a t i o n ,  b u t  
would  remove j e t  redundancy  f o r  a t t i t u d e  c o n t r o l .  
If o n l y  east-west s t a i i o n  keeping "ere  r e q u i r e d ,  a 
c lea r  c h o i c e  would be  a p p r o a c h  3 as  t h e  p r e d o m i n a n t  
d e l t a  V r e q u i r e m e n t  l i e s  i n  n o r t h - s o u t h  c o r r e c t i o n .  
I f ,  however ,  n o r t h - s o u t h  i s  a n  u l t i m a t e  r e q u i r e m e n t  
f o r  s t a t i o n  k e e p i n g ,  t h e  f i n a l  s e l e c t i o n  would b e  a 
t r a d e o f f  i n  j e t  l o c a t i o n s ,  w e i g h t ,  and  redundancy .  
I t  would b e  p o s s i b l e  t o  add s i n g l e  j e t s  f o r  t h e  
n o r t h - s o u t h  r e q u i r e m e n t  w i t h o u t  s u b s t a n t i a l l y  i n -  
f l u e n c i n g  w e i g h t .  The c h o i c e  f o r  t h i s  s t u d y  p r o -  
gram was a p p r o a c h  3. The t h r u s t e r  t y p e  s e l e c t e d  
w a s  a t h e r m a l  s t o r a g e  res is tojet .  An e n g i n e e r i n g  
p r o t o t y p e  v e r s i o n  o f  t h e  m u l t i j e t  t h r u s t e r  i s  shown 
i n  F i g u r e  3 .  The c o n c e p t . f e a t u r e s  a s i n g l e  h e a t e r  
e l e m e n t  f o r  u s e  w i t h  f o u r  j e t  f l o w  p a s s a g e s .  A 
d e t a i l e d  d e s c r i p t i o n  o f  t h i s  t h r u s t e r  may b e  found 
i n  R e f e r e n c e  1. 
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Ammonia w a s  s e l e c t e d  as t h e  p r o p e l l a n t  f o r  
t h e  r e s i s to j e t  syscem. Two f e e d  s y s t e m  c o n c e p t s  
were s t u d i e d  a n d  t e s t e d  e x p e r i m e n t a l l y  d u r i n g  t h i s  
prsgram.  % t h  z p p r o a c h e s  are shown i n  F i g u r e  4 .  
Approach A u s e s  a s o n i c  m e t e r i n g  o r i f i c e  t o  main-  
t a i n  c o n s t a n t  p r o p e l l a n t  mass f l o w  rate.  T h i s  
t y p e  i s  c h a r a c t e r i z e d  by a d r o p o f f  i n  t h r u s t  d u r -  
i n g  e x t e n d e d  j e t  o n - t i m e s  when c o n d i t i o n s  a r e  such  
t h a t  h e a t  i n p u t  i s  i n s u f f i c i e n t  t o  m a i n t a i n  ex i t  
p r o p e l l a n t  t e m p e r a t u r e .  F o r  s h o r t  t e rm p u l s e  mode 
o p e r a t i o n ,  t h e r m a l  e n e r g y  s t o r e d  c a n  b e  a d e q u a t e  to  
m a i n t a i n  r e l a t i v e l y  c o n s t a n t  p r o p e l l a n t  s p e c i f i c  
i m p u l s e .  Approach B employs  a p r e s s u r e  r e g u l a t e d  
f e e d  s y s t e m .  I n  t h i s  case t h r u s t  l e v e l  would re- 
main  e s s e n t i a l l y  c o n s t a n t  o v e r  e x t e n d e d  j e t  o n - t i m e  
and  p r o p e l l a n t  mass f l o w  would i n c r e a s e  t o  compen- 
sate f o r  r e d u c t i o n  i n  t h e  r e a l i z a b l e  s p e c i f i c  
i m p u l s e . .  The f i r s t  a p p r o a c h  h a s  h i g h e r  i n h e r e n t  
r e l i a b i l i t y ,  b u t  l a c k s  f l e x i b i l i t y  and  i n t r o d u c e s  
p r o b l e m s  i n  c o n t r o l  d u e  t o  a l l o w i n g  f o r  t h r u s t  
l e v e l  v a r i a t i o n s .  
d i f f i c u l t y  and  p r e s e n t s  p o t e n t i a l  r e l i a b i l i t y  p r o -  
b l e m s ,  b u t  h a s  f l e x i b i l i t y  i n  e s t a b l i s h i n g  l e v e l s  
o f  p r e s s u r e  r e g u l a t i o n  c o m p a t i b l e  w i t h  d i f f e r e n t  
s i z e s  of  c o n t r o l  je ts  and i n  m a i n t a i n i n g  c o n s t a n t  
t h r u s t  o u t p u t .  An o b j e c t i v e  o f  t h i s  s t u d y  was a n  
a s s e s s m e n t  o f  e a c h  o f  t h e s e  c o n c e p t s  f rom t h e  con-  
t r o l s  s t a n d p o i n t  t o  e s t a b l i s h  a n y  e f f e c t  upon 
s t a b i l i t y ,  a n d  p a r a m e t e r  o p t i m i z a t i o n  u n d e r  o p t i m a l  
c o n t r o l  p o l i c i e s .  

Approach B h a s  g r e a t e r  d e s i g n  

The large number o f  v a r i a b l e s  c o n f r o n t e d  i n  
t h i s  s t u d y  made i t  n e c e s s a r y  t o  e s t a b l i s h  a r e f e r -  
e n c e  d e s i g n  f o r  t h e  s p a c e c r a f t  and p r o p u l s i o n  
s y s t e m .  The p h y s i c a l  c o n s t a n t s  u s e d  i n  t h i s  d e s i g n  
are p r e s e n t e d  i n  T a b l e  1. 

S i m u l a t i o n / T e s t  Equipment and Approach 

The o p t i m a l  c o n t r o l  s t u d i e s  were per formed 
u s i n g  d i g i t a l - a n a l o g  h y b r i d  computer  equipment  
i n  a c l o s e d - l o o p  manner w i t h  p r o p u l s i o n  sys tem 
iiaidwa1-e u i i t s r  t e s t  i n  a thcrxn!  VICELIFJ chzmher 
F i g u r e  5 p r e s e n t s  a f l o w  d iagram f o r  t h e  o v e r a l  
s i m u l a t i o n  a n d  t e s t  complex.  An EA1 Hydac 2000 

i e d  

c o m p u t e r  was employed f o r  g e n e r a t i o n  o f  s p a c e c r a f t  
r o t a t i o n a l  m o t i o n s  i n  t h r e e  a x e s .  The s i x  E u l e r  
s t a t e  v a r i a b l e s  were  s u b j e c t e d  t o  a n a l o g - t o - d i g i t a l  
c o n v e r s i o n  and  t h e n  w e r e  u s e d  as i n p u t s  t o  a n  SDS- 
9300 d i g i t a l  computer  which e x e c u t e d  o p t i m a l  c o n t r o l  
commands. T h i s  computer  was a l s o  used  f o r  g e n e r a -  
t i o n  o f  d i s t u r b a n c e  t o r q u e s  which were p r o c e s s e d  
t h r o u g h  d i g i t a l - t o - a n a l o g  c o n v e r s i o n  a n d  t h e n  
r o u t e d  t o  t h e  Hydac 2000. The a c c u r a c y  of  b o t h  A / D  
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and D / A  c h a n n e l s  was 1 5  b i t s  ( b i n a r y ) .  A d i g i t a l -  
t o - d i g i t a l  i n t e r f a c e  was u t i l i z e d  f o r  e x e c u t i o n  of 
t h e  t h r u s t e r  o n - o f f  commands i n  e a c h  a x i s .  The r o l l  
a u i c  - signa! I T L ; )  w a 4  I I S P ~  i n  t h e  f u l l  s i m u l a t i o n  
s t a g e  t o  o p e r a t e  a c t u a l  t h r u s t e r  h a r d w a r e  d u r i n g  
t e s t  c o n d i t i o n s .  T h i s  was a c c o m p l i s h e d  t h r o u g h  u s e  
o f  a t e s t  i n t e r f a c e  which p e r m i t t e d  b o t h  a n a l o g  and  
d i g i t a l  communica t ion  between t h e  c o m p u t e r  l a b o r a -  
t o r y  and t h e  vacuum l a b o r a t o r y .  T h r u s t  was measured  
d i r e c t l y  i n  t h e s e  t e s t s  by means o f  a h i g h  f r e q u e n c y  
b a l a n c e  whose o u t p u t  s i g n a l  was p r o c e s s e d  a n d  r o u t e d  
a s  a f e e d b a c k  t o  t h e  Hydac 2000 c o m p u t e r .  B o t h  on-  
l i n e  d i g i t a l  and  o n - l i n e  a n a l o g  e n g i n e  p e r f o r m a n c e  
measurements  were  t a k e n .  The d i g i t a l  s y s t e m  c o n -  
s i s t e d  o f  a n  SDS-920 c o m p u t e r  which  m u l t i p l e x e d  

TABLE 1 

SPACECRAFT REFERENCE D E S I G N  CONSTANTS 

- AXIS -- DESIGNATION RATED THRUST( l b s .  ) MOMENT ARM( f t  . ) TORQUE( f t  .-lbs. ) M O ~ N T  OF INEFiTIA(slugs-ft2) 

p i t c h  0 0.026 4.6 0.12 2000 

r o l l  pr 0.017 4.6 0.08 3580 

Yaw Y 0.011 3.6 0.04 1970 

NmE: ~t;o-;c thr-xst 2nd t n r q ~ i e  values f o r  t he  yaw axis assume a c o u p l e .  
Moment o f  i n e r t i a  values a r e  f o r  t h e  p r i n c i p a l  axes. 
Maximum t h r u s t e r  m i s a l i g n m e n t  a n g l e s  are 1 d e g r e e  i n  e a c h  axis. 
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a n a l o g  v o l t a g e s  from t h e  e n g i n e  e x p e r i m e n t  a n d  
t h e n  c o n v e r t e d  t h e s e  s i g n a l s  t o  d i g i t a l  form and 
u l t i m a t e l y  t o  b i n a r y  t a p e .  This i n f o r m a t i o n  w a s  
u t i l i z e d  d u r i n g  p o s t  o p e r a t i o n  p h a s e s  €or e x t e n -  
s i v e  d a t a  a n a l y s i s  on  t h e  hardware .  T h r e e  t e m -  
p e r a t u r e  measurements  w e r e  cakerl r iom t h e  t h r z s t e r  
body t o  e s t a b l i s h  h e a t  s h i e l d  e f f i c i e n c y .  T h r u s t e r  
c h a m b e r  p r e s s u r e  w a s  measured  s e p a r a t e l y  and con-  
v e r t e d  t o  d i g i t a l  form a t  10 m i l l i s e c o n d  i n t e r v a l s  
d u r i n g  e a c h  r u n .  T h r u s t e r  c o r e  t e m p e r a t u r e  r e a d -  
i n g s  w e r e -  o b t a i n e d  i n  a similar manner .  P r o p e l l a n t  
mass f l o w  rate w a s  o b t a i n e d  b y  u s e  o f  a c a l i b r a t e d  
volume s t o r a g e  s p h e r e ,  where  p r e s s u r e  a n d  tempera-  
t u r e  v e r s u s  t i m e  h i s t o r i e s  were  u s e d  t o  compute 
f u e l  expended .  D u r i n g  p r e l i m i n a r y  t e s t s  t h i s  
t e c h n i q u e  w a s  compared w i t h  r e a d i n g s  o f  a w e t  t e s t  
meter f o r  n i t r o g e n  p r o p e l l a n t ,  and  i t  w a s  found 
t h a t  mass f l o w  rate c o u l d  b e  p r e d i c t e d  r e a d i l y  t o  
w i t h i n  3%. I n  a c t u a l  s i m u l a t i o n  tes ts  t a n k  p r e s -  
s u r e  a n d  t e m p e r a t u r e  s i g n a l s  were r o u t e d  t o  t h e  
EA1 231R a n a l o g  c o m p u t e r  where  mass f l o w  rate and 
s p e c i f i c  i m p u l s e  were computed d i r e c t l y  i n  real 
t i m e .  R e s u l t s  of such  t e s t s  were a l so  c h e c k e d  
a g a i n s t  t h r u s t  as c a l c u l a t e d  from t h e  t h r u s t e r  
chamber  p r e s s u r e  o u t p u t .  Agreement  w a s  e x c e l l e n t .  
A H a l l - e f f e c t  c o n s t a n t  power d c - d c  c o n d i t i o n e r  w a s  
c o n s t r u c t e d  t o  r e g u l a t e  t h e  r e s i s t o j e t  h e a t e r  d u r -  
i n g  tes t  r u n s .  A s  t h e  h e a t e r  e l e m e n t  t e n d s  t o  cool  
o v e r  a n  e x t e n d e d  p u l s e ,  i t  i s  n e c e s s a r y  f o r  t h i s  
r e g u l a t o r  t o  v a r y  c u r r e n t  t o  compensa te  f o r  power 
f l u c t u a t i o n s .  A number o f  p e r f o r m a n c e  measurements  
were a l s o  r e c o r d e d  by a n a l o g  means t o  s e r v e  as f u r -  
t h e r  c h e c k  o n  t h e  d i g i t a l  r e s u l t s .  O u t p u t  i n f o r m a -  
t i o n  was d i s p l a y e d  by s t r i p  c h a r t  r e c o r d s  i n  a n a l o g  
f o r m ,  as  w e l l  as by d i g i t a l  p l o t t e r  a n d  p r i n t e r  
f r o m  t h e  SDS-920 computer .  The tes t  i n t e r c o n n e c -  
t i o n s  r e q u i r e d  a p p r o x i m a t e l y  100 f e e t  o f  c a b l e  
be tween c o m p u t e r s  and t h e  vacuum t e s t  i n s t a l l a t i o n .  
Noise l e v e l s  and e a r l y  ground l o o p s  n e c e s s i t a t e d  
b o t h  s h i e l d i n g  and  i s o l a t i o n  o f  l e a d s .  LC f i l t e r s  
were employed t o  o b t a i n  s i g n a l - t o - n o i s e  r a t i o s  i n  
e x c e s s  o f  90 t o  1. 
d i s c u s s i o n  of e n g i n e  p e r f o r m a n c e  r e s u l t s  o t h e r  t h a n  
t h o s e  d i r e c t l y  a s s o c i a t e d  w i t h  t h e  o p t i m a l  c o n t r o l  
pr-blem. A p p l i c a b l e  p e r f o r m a n c e  d a t a  i s  d e s c r i b e d  
i n  a l a t e r  s e c t i o n  d e a l i n g  w i t h  S i m u l a t i o n / T e s t  
R e s u l t s .  

T h i s  p a p e r  does n o t  p e r m i t  a 

The g e n e r a l  a p p r o a c h  f o l l o w e d  t h r e e  b a s i c  
p h a s e s  o f  i n v e s t i g a t i o n .  The f i r s t  p h a s e  d e a l t  
w i t h  a f u l l  t h r e e  a x i s  h y b r i d  s i m u l a t i o n  o f  o p t i m a l  
a n d  s u b - o p t i m a l  s l e w i n g  maneuvers  u s i n g  " i d e a l "  
t h r u s t e r  a n d  s e n s o r  components .  The s e c o n d  p h a s e  
i n t r o d u c e d  s i m u l a t e d  " r e a l  e f f e c t s "  f o r  t h e  r e s i s t c -  
j e t ,  i n c l u d i n g  t r a n s p o r t  d e l a y ,  r i s e / t a i l o f f  b e -  
h a v i o r ,  a n d  f e e d  s y s t e m  c h a r a c t e r i s t i c s .  The t h i r d  
p h a s e  s u b s t i t u t e d  a c t u a l  p r o t o t y p e  h a r d w a r e  i n t o  
o n e  a x i s  o f  t h e  t h r e e  a x i s  s i m u l a t i o n .  F i g u r e  6 
p r e s e n t s  a p h o t o g r a p h  o f  t h e  p r o t o t y p e  t h r u s t e r  
u n d e r  t e s t  i n  t h e  t h e r m a l  vacuum chamber d u r i n g  the  
t h i r d  p h a s e  o f  t h i s  program. The v i e w  shown in: 
c l u d e s  t h e  t h r u s t  b a l a n c e  i n  p l a c e  and  o p e r a t i o n  
f rom a n  e x t e r n a l  f e e d  s y s t e m .  

S p a c e c r a f t  Dynamics Model 

The m a t h e m a t i c a l  model  f o r  s p a c e c r a f t  r o t a -  
t i o n a l  dynamics  employed i n  t h i s  s t u d y  i s  b a s e d  up- 
o n  a n  a s s u m p t i o n  t h a t  t h e  c o m p o s i t e  s t r u c t u r e  ( i n -  
c l u d i n g  a n t e n n a  and  so la r  p a d d l e s )  c a n  be  r e p r e -  
s e n t e d  as  a s i n g l e  r i g i d  body.  
d e s c r i b e d  by n o n l i n e a r  E u l e r  e q u a t i o n s  f o r  p r i n c i -  
p l e  a x e s  o f  i n e r t i a  w i t h  t r a n s f o r m a t i o n  i n t o  a n  

A n g z l a r  m o t i o n s  a r e  

F16. #6 THRUSTER TEST ARRANGEMENT 

E u l e r  s e q u e n c e  of r o t a t i o n s .  The g e n e r a l  s y s t e m  o f  
e q u a t i o n s  i s  shown i n  F i g u r e  7. The terms ( 0 1 . ~ 2 ,  
w 3 )  r e p r e s e n t  i n e r t i a l  body rates a b o u t  r o l l ,  yaw, 
a n d  p i t c h  a x e s ,  r e s p e c t i v e l y .  The d o t  s u p e r s c r i p t s  
d e n o t e  t i m e  d e r i v a t i v e s .  Terms ( 1 1 ,  12, 13) are 
p r i n c i p a l  moments o f  i n e r t i a .  C o n t r o l  t o r q u e s  are  
e x p r e s s e d  a s  ( T c l ,  Tc2, Tc3)  a b o u t  e a c h  of  t h e  axes. 
The d i s t u r b a n c e  t o r q u e s  i n c l u d e  e f f e c t s  of  solar 
r a d i a t i o n  p r e s s u r e ,  g r a v i t y  g r a d i e n t ,  a n d  t h r u s t e r  
m i s a l i g n m e n t s  w i t h  r e s p e c t  t o  p r i n c i p a l  a x e s .  These 
c o m p o s i t e  t e r m s  a r e  r e p r e s e n t e d  by ( T d l .  Td2, Td3) .  
The n e x t  t h r e e  e q u a t i o n s  p r o v i d e  t h e  s e l e c t e d  E u l e r  
a n g l e  s e q u e n c e .  I n i t i a l  s t u d i e s  w e r e  p e r f o r m e d  w i t h  
t h e  f u l l  n o n l i n e a r  dynamics .  A s u b s t a n t i a l  number 
of a n a l o g  components  were found t o  be  n e c e s s a r y  t o  
p r o v i d e  t h e  c o m p l e t e  s i m u l a t i o n ,  p r i m a r i l y  d u e  t o  
t h e  number o f  m a t r i x  t r a n s f o r m a t i o n s  i n v o l v e d  i n  
g e n e r a t i n g  t h e  v a r i o u s  r e f e r e n c e  a n g l e s .  C e r t a i n  
s i m p l i f i c a t i o n s  were  a t t e m p t e d  and  found t o  b e  v e r y  
g o o d  a p p r o x i m a t i o n s .  Smal l  a n g l e  a p p r o x i m a t i o n s  
w e r e  t r i e d  f o r  t h e  E u l e r  t r a n s f o r m a t i o n ,  and i t  w a s  
f o u n d  f o r  c a s e s  s t u d i e d  t h a t  i n f l u e n c e  upon s p a c e -  
c r a f t  m o t i o n s  was n e g l i g i b l e .  To f r e e  c o m p u t e r  
equipment  f o r  o t h e r  r e q u i r e d  c o m p u t a t i o n s ,  a r e d u c e d  
s y s t e m  of  n o n l i n e a r  e q u a r i u r l s  was :sed fclr t h e  r e -  

m a i n i n g  s t u d y  program. These  e q u a t i o n s  a r e  p r e -  
s e n t e d  i n  (7) t h r o u g h  ( 9 ) .  

GENERAL SPACECRAFT DYNAMICS MODEL 
FIGURE 7 

C o o r d i n a t e  Sy s t ems  

A t o t a l  o f  s e v e n  o r t h o n o r m a l  c o o r d i n a t e  s y s t e m s  
w e r e  employed t o  d e s c r i b e  t h e  s p a c e c r a f t  dynamics  i n  
t e r m s  of  t a r g e t  c o n d i t i o n s .  

4 



I n e r t i a l  E a r t h - F i x e d  R e f e r e n c e  

The E s y s t e m  r e p r e s e n t s  t h e  i n e r t i a l  r e f e r e n c e  
whose o r i g i n  i s  l o c a t e d  a t  t h e  mass c e n t e r  o f  t h e  
ear th  a n d  whose u n i t  v e c t o r s  ( e l ,  e 2 ,  e3) form a 
r i g h t - h a n d e d  c o o r d i n a t e  f rame.  D i r e c t i o n  e l  p o i n r s  
t o  t h e  F i r s t  P o i n t  o f  Ar ies  o n  t h e  e q u a t o r ;  e 3  
p o i n t s  t h r o u g h  t h e  n o r t h  p o l e ;  e 2  i s  c h o s e n  perpen-  
d i c u l a r _ . t o  t h e  e l  e3 p l a n e  t o  c o m p l e t e  t h e  o r t h o -  
g o n a l  s y s t e m .  The E s y s t e m  d o e s  n o t  r o t a t e  w i t h  
t h e  e a r t h .  

Moving E a r t h  R e f e r e n c e  Sys tem 

The M System d e n o t e s  a r i g h t - h a n d e d  o r t h o g o n a l  
frame w h e r e i n  t h e  o r i g i n  l i e s  a t  t h e  e a r t h  mass 
c e n t e r .  
s u c h  t h a t  m 3  p o i n t s  t h r o u g h  t h e  n o r t h  p o l e ;  m l  and 
m2 a l w a y s  l i e  i n  t h e  e a r t h  e q u a t o r i a l  p l a n e .  U n i t  
vector m l  w i l l  ro ta te  w i t h  r e s p e c t  t o  el a t  t h e  
e a r t h  r o t a t i o n a l  v e l o c i t y .  

The u n i t  v e c t o r s  ( m l ,  m2, m3) a r e  t a k e n  

S p a c e c r a f t  P o s i t i o n  R e f e r e n c e  

The S s y s t e m  i s  employed t o  d e f i n e  t h e  s p a c e -  
c r a f t  p o s i t i o n  i n  terms o f  t h e  e a r t h - f i x e d  r e f e r -  
e n c e  frame. The o r i g i n  o f  t h i s  s y s t e m  l ies  a t  the  
c e n t e r  of mass o f  t h e  s p a c e c r a f t ,  and t h e  u n i t  
v e c t o r s  ( S I ,  52, s3) f o r m  a r i g h t - h a n d e d  c o o r d i n a t e  
frame. U n i t  v e c t o r  s2 i s  d i r e c t e d  a l o n g  t h e  l o c a l  
v e r t i c a l  t o  t h e  e a r t h  c e n t e r ;  s3 i s  t a k e n  p o s i t i v e  
i n  a d i r e c t i o n  toward  t h e  n o r t h ;  sl i s  d i r e c t e d  
p e r p e n d i c u l a r  t o  t h e  s2 53 p l a n e  b e i n g  p o s i t i v e  i n  
t h e  d i r e c t i o n  o f  t h e  v e l o c i t y  v e c t o r .  

I f  t h e  s p a c e c r a f t  o r b i t  l i e s  i n  t h e  e q u a t o r i a l  
p l a n e  and  i s  c i r c u l a r ,  t h e n  s 3  i s  d i r e c t e d  t h r o u g h  
t h e  e a r t h  n o r t h  p o l e .  I f  t h e  o r b i t  a l t i t u d e  i s  
s e l e c t e d  t o  b e  t h e  24 h o u r  s y n c h r o n o u s  c o n d i t i o n ,  
o n e  c a n  s t a t e  t h a t  t h e  a n g u l a r  v e l o c i t y  o f  t h e  S 
s y s t e m  r e l a t i v e  t o  t h e  E s y s t e m  i s  s i m p l y  e q u a l  t o  
t h e  e a r t h  r o t a t i o n a l  rate.  I n  t h e  f o l l o w i n g  d i s -  
c u s s i o n ,  a n g u l a r  m o t i o n  a b o u t  s3 i s  c o n s i d e r e d  t o  
b e  p i t c h  m o t i o n ;  t h a t  a b o u t  s1 w i l l  be  r o l l  mot ion;  
and  t h a t  a b o u t  s2 w i l l  b e  yaw mot ion .  

A t t i t u d e  R e f e r e n c e  System 

The R s y s t e m  d e f i n e s  t h e  t a r g e t  a t t i t u d e  c o n -  
d i t i o n s  f o r  t h e  s p a c e c r a f t .  I t s  o r i g i n  c o i n c i d e s  
w i t h  t h a t  o f  t h e  S s y s t e m  and t h e  u n i t  v e c t o r s  ( r l ,  
r 2 ,  r 3 )  f o r m  a r i g h t - h a n d e d  c o o r d i n a t e  f rame.  Unit  
v e c t o r  r 2  p o i n t s  p o s i t i v e  t o  t h e  e a r t h  t a r g e t ;  r3 
i s  t a k e n  p e r p e n d i c u l a r  t o  r2, and t h e  a n g l e  between 
s 3  and r 3  i s  t a k e n  t o  b e  t h e  minimum v a l u e ;  u n i t  
v e c t o r  r1 i s  t a k e n  p e r p e n d i c u l a r  t o  t h e  1-2 r3 p l a n e  
so t h a t  t h e  R s y s t e m  h a s  o r t h o g o n a l  b a s e s .  
a n g l e s  be tween t h e  R s y s t e m  and t h e  S s y s t e m  e s t a b -  
l i s h  t a r g e t  v a l u e s  f o r  a n t e n n a  p o i n t i n g  i n  t e r m s  
o f  t h e  e a r t h - f i x e d  r e f e r e n c e  f r a m e .  F i g u r e  8 p-re- 

c o o r d i n a t e  s y s t e m s .  

The 

. s e n t s  a g e o m e t r i c a l  p i c t u r e  of  t h e  E ,  M ,  S ,  and R 

S p a c e c r a f t  Body F i x e d  R e f e r e n c e  System 

The B s y s t e m  d e f i n e s  a r e f e r e n c e  f r a m e  r i g i d l y  
a t t a c h e d  t o  t h e  s p a c e c r a f t  s t r u c t u r e ,  u s e d  f o r  t h e  
p u r p o s e  o f  i n t r o d u c i n g  t h r u s t e r  m i s a l i g n m e n t s  w i t h  
r e s p e c t  t o  t h e  p r i n c i p a l  a x e s .  The o r i g i n  of  t h e ,  
B s y s t e m  l i e s  c o i n c i d e n t  w i t h  t h a t  o f  t h e  S sys tem 
and  t h e  u n i t  v e c t o r s  ( b l ,  b2 ,  b3)  a r e  s e l e c t e d  
a r b i t r a r i i y  TIO match t h r u s t e r  i o c a t i o n s  and  to  i u m  
a r i g h t - h a n d e d  o r t h o g o n a l  r e f e r e n c e .  

NORTH R K E  

/- G R O W  TRACU TbRGET 
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FIGURE 8 

S p a c e c r a f t  P r i n c i p a l  I n e r t i a  R e f e r e n c e  Sys tem 

The P s y s t e m  d e n o t e s  a r i g h t - h a n d e d  frame so 
p o s i t i o n e d  t h a t  t h e  u n i t  v e c t o r s  l i e  a l o n g  t h e  
t h r e e  p r i n c i p a l  a x e s  o f  i n e r t i a  o f  t h e  s p a c e c r a f t .  
To p r e s e r v e  c o n t i n u i t y  of i n d e x i n g ,  t h e  s u b s c r i p t s  
(1 ,  2 ,  3 )  a r e  t a k e n  a l o n g  body p r i n c i p a l  a x e s  1, 2 ,  
3 shown i n  F i g u r e  7. 

Ground T r a c k  R e f e r e n c e  S y s t e m .  

The G s y s t e m  d e n o t e s  a r i g h t - h a n d e d  frame so 
p o s i t i o n e d  t h a t  l o n g i t u d e  and  l a t i t u d e  p o i n t s  o f  
i n t e r s e c t i o n  of b 2 ,  w i t h  t h e  s u r f a c e  of t h e  e a r t h  
c a n  b e  d e f i n e d .  The G s y s t e m  o r i g i n  l i e s  a t  t h e  
c e n t e r  o f  t h e  e a r t h .  
form an o r t h o g o n a l  se t .  U n i t  v e c t o r  g l  i s  d i r e c t e d  
i n  a p o s i t i v e  s e n s e  t h r o u g h  t h e  p o i n t  o f  i n t e r s e c -  
t i o n  w i t h  b q ;  g3 i s  t a k e n  p o s i t i v e  t o  t h e  n o r t h ;  g2 
i s  p e r p e n d i c u l a r  t o  t h e  g l  g3 p l a n e  p a r a l l e l  t o  t h e ,  
d i r e c t i o n  of t h e  v e l o c i t y  v e c t o r .  

U n i t  v e c t o r s  ( g l ,  g 2 ,  g 3 )  

D i s t u r b a n c e  T o r q u e s  

S o l a r  r a d i a t i o n  t o r q u e  was assumed t o  a c t  o n l y  
upon t h e  two f l a t  so la r  p a d d l e s  and  t h e  30 f o o t  
d i s h  a n t e n n a .  A r i g o r o u s  d i g i t a l  p rogram was p r e -  
p a r e d  f o r  t h e  SDS-9300 c o m p u t e r  t o  a l low p r e d i c t i o n  
o f  t o r q u e  l e v e l s  on  e a c h  body a x i s  as a f u n c t i o n  o f  
o r i e n t a t i o n ,  shadowing,  and a b s o r p t i v i t y / e m i s s i v i t y  
p r o p e r t i e s  of t h e  s t r u c t u r e .  

F o r  s i m p l i c i t y  i n  s i m u l a t i o n  d u r i n g  i n d i v i d u a l  
s l e w i n g  maneuvers ,  t h e  s u n  l i n e  a n g l e  r e l a t i v e  t o  
t h e  E s y s t e m  was t a k e n  t o  be c o n s t a n t .  T h i s  assump- 
t i o n  was a s s e s s e d  d u r i n g  e a r l y  e x p e r i m e n t a l  r u n s  
a n d  f o u n d  t o  b e  w e l l  w i t h i n  o v e r a l l  a c c u r a c y  re- 
q u i r e m e n t s  f o r  t h i s  s t u d y .  F o r  a s i x  m i n u t e  s l e w -  
i n g  p e r i o d ,  s u n  l i n e  movement would b e  a p p r o x i m a t e l y  
0.004 d e g r e e s .  

G r a v i t y  g r a d i e n t  t o r q u e s  were programmed f o r  
t h e  SDS-9300 c o m p u t e r  u s i n g  e q u a t i o n s  d e v e l o p e d  by 
C .  C .  Barrett  o f  Goddard Space  F l i g h t  C e n t e r  i n  
NASA T e c h n i c a l  Note TND-3652. 

M a t h e m a t i c a l  model  deve lopment  f o r  e a c h  o f  t h e  
a b o v e  t o r q u e s  i s  f u l l y  c o v e r e d  i n  R e f e r e n c e  2 ,  
t o g e t h e r  w i t h  d i g i t a l  p rogram l i s t i n g s  f o r  t h e  SDS- 
9300 computer .  

The m a t h e m a t i c a l  model  i n c l u d e d  p r o v i s i o n  f o r  
i n t r o d u c t i o n  o f  t h r u s t e r  m i s a l i g n m e n t  a n g l e s  t a k e n  



w i t h  r e s p e c t  to  t h e  p r i n c i p a l  a x e s .  A maximum 
v a l u e  of 1 d e g r e e  w a s  s e l e c t e d  as a r e a s o n a b l e  
i i m i t  f o r  s u c h  d i s t u r b a n c e s .  

C n n t r o l  Tnrrp?s 

Jet f i r i n g  commands c o n s i s t  o f  o n - o f f  s i g n a l s  
r e c e i v e d  from t h e  o p t i m a l  c o n t r o l  computer .  The 
c o n t r o l  a c t i o n  may t h e n  b e  d e s c r i b e d  a s  a b a n g - o f f -  
b a n g  s y s t e m .  F o r  p u r p o s e s  of s i m u l a t i o n  o f  a n  
" i d e a l "  t h r u s t e r ,  i t  w a s  assumed t h a t  t h e  t h r u s t  
p u l s e  w a s  a s q u a r e  wave. C h a r a c t e r i s t i c  p r o f i l e s  
f o r  s i m u l a t e d  "real" t h r u s t e r s  were  o b t a i n e d  by 
o p e r a t i n g  t h e  a c t u a l  h a r d w a r e  u n d e r  vacuum and t h e n  
r e p r o d u c i n g  r ise  p r o f i l e ,  d e l a y  c o n s t a n t s ,  t a i l o f f  
d u r i n g  t h r u s t ,  a n d  f i n a l  t a i l o f f  f o l l o w i n g  t h r u s t -  
o f f  command. 

O p t i m a l  C o n t r o l  S y n t h e s i s  

The o p t i m a l  c o n t r o l  problem may b e  s t a t e d  i n  
t h e  f o l l o w i n g  manner:  a s l e w i n g  maneuver  i n v o l v e s  
t o t a l  r e - a l i g n m e n t  of  t h e  p o i n t i n g  v e c t o r  to  t h e  
r e q u i r e d  t a r g e t  l o c a t i o n  and  a t  res t  w i t h  r e s p e c t  
t o  t h e  S s y s t e m .  The s l e w i n g  maneuver  i s  t o  be 
p e r f o r m e d  s u c h  t h a t  a p r e s c r i b e d  p e r f o r m a n c e  i n d e x  
i s  s a t i s f i e d  i n  terms o f  m i n i m i z i n g  s l e w i n g  t i m e ,  
p r o p e l l a n t  r e q u i r e d ,  maximum r a t e  e x p e r i e n c e d ,  o r  
some c o m b i n a t i o n  t h e r e o f .  F o r  a s p e c i f i e d  time o f  
a r r i v a l  (which  c a n  b e  s e t  a t  a minimum v a l u e )  t h e  
o b j e c t i v e  i s  t o  m i n i m i z e  t o t a l  p r o p e l l a n t  consumed 
w h i l e  a d h e r i n g  t o  a maximum a n g u l a r  r a t e  l i m i t a t i o n .  
Such a c o n t r o l  f o r m u l a t i o n  c a n  be  s y n t h e s i z e d  u s i n g  
t h e  e q u a t i o n s  p r e s e n t e d  i n  F i g u r e  9 .  

CONTROL SYNTHESIS EQUATIONS 
FIGURE 9 

E q u a t i o n s  (10) a n d  (11) e x p r e s s  i n  a conven-  
i e n t  v e c t o r  form t h e  s p a c e c r a f t  dynamics  where  w 
h a s  components  w l ,  w 2 ,  w3 a l o n g  t h e  body p r i n c i p a l  
a x e s  o f  i n e r t i a :  I r e p r e s e n t s  t h e  i n e r t i a  d y a d i c ;  
u i s  t h e  c o n t r o l  v e c t o r  h a v i n g  components  u 1 ,  u 2 ,  
u 3  a l o n g  body f i x e d  a x e s ;  
whose components  are t h e  E u l e r  a n g l e s  ( p i t c h ,  yaw, 
r o l l ) ;  t h e  v e c t o r  b i n c l u d e s  p e r t u r b a t i o n s  f rom 
d i s t u r b a n c e  t o r q u e s  a n d  second o r d e r  terms i n  i n e r -  
t i a l  c r o s s - c o u p l i n g .  The b v e c t o r  h a s  components  
b l ,  bg ,  b 3  a l o n g  t h e  body a x e s .  E q u a t i o n  ( 1 2 )  i s  
a n  e x p r e s s i o n  o f  t h e  a n g u l a r  momentum v e c t o r .  

w h e r e a s  
a l o n g  e a c h  o f  t h e  body a x e s .  E q u a t i o n  ( 1 4 )  d e n o t e s  

r e p r e s e n t s  a v e c t o r  

C-..-e.'-- L.yudL*"II ( 1  , A > ,  2 )  i s  t h e  Eu!er a n g l e  t r a n s f o r m a t i n n ,  
i d e n o t e s  t h e  E u l e r  rates h a v i n g  components 

t h e  J v e c t o r  which  i s  u s e d  t o  o b t a i n  a p e r f o r m a n c e  
i n d e x  of  o p t i m a l  c o n t r o l  b e h a v i o r .  The m i n i m i z a t i o n  
o f  i n c c g r E ?  compenents  of J forms  t h e  b a s i s  of c o n -  
t r o l  s y s t e m  o p t i m i z a t i o n .  The term, to, r e p r e s e n t s  
i n i t i a l  t i m e  and  t l  f i n a l  t ime ' for  a g i v e n  maneuver .  
The terms X i j  r e p r e s e n t  w e i g h t i n g  p a r a m e t e r s  f o r  
s y s t e m  p e r f o r m a n c e  v a r i a b l e s ,  where  
t i m e  o p t i m a l i t y  w i t h  r e s p e c t  t o  a x i s  ( i ) .  P a r a m e t e r  

( i ) ,  and x i 3  c o n s t r a i n s  maximum a n g u l a r  ra te  a b o u t  
a x i s  ( i ) .  

X i 1  w e i g h t s  

X i 2  w e i g h t s  f u e l  o p t i m a l i t y  w i t h  r e s p e c t  t o  a x i s  

The u n i q u e  f e a t u r e  of  t h i s  o p t i m i z a t i o n  scheme i s  
t h a t  a n o n - l i n e a r  s i x  d e g r e e  o f  f reedom s y s t e m  i s  
s p l i t  i n t o  t h r e e  s e p a r a t e  s y s t e m s ,  e a c h  h a v i n g  t w o  
d e g r e e s  of freedom. T h i s  i s  a c h i e v e d  by a non-  
l i n e a r  c h a n g e  i n  v a r i a b l e s .  The r e s u l t i n g  (lower 
o r d e r )  s y s t e m s  a r e  amenable  t o  c l o s e d - f o r m  s y n t h e s i s  
t h r o u g h  t h e  u s e  o f  P o n t r y a g i n ' s  Maximal P r i n c i p l e .  
The o p t i m a l  s y n t h e s i s  f o r . t h e  t o t a l  s y s t e m  e q u a t i o n s  
i s  a c h i e v e d  by a p r o c e s s  o f  " t i m e  s y n c h r o n i z a t i o n "  
o f  t h e  lower  o r d e r  s y s t e m s  w h e r e i n  t h e  w e i g h t i n g  
p a r a m e t e r s  a r e  a d j u s t e d  t h r o u g h  s a m p l e d - d a t a  f e e d -  
b a c k  o f  t h e  s t a t e  v a r i a b l e s  t o  p e r m i t  e a c h  a x i s  t o  
a r r i v e  on t a r g e t  s i m u l t a n e o u s l y .  The d e t a i l e d  
m a t h e m a t i c a l  deve lopment  i s  p r e s e n t e d  i n  R e f e r e n c e  2 
a n d  i s  t o o  i n v o l v e d  f o r  f u r t h e r  d i s c u s s i o n  h e r e i n .  

F o r  p u r p o s e s  of  i l l u s t r a t i o n ,  however ,  o n e  may 
e x a m i n e  p h a s e  p l a n e  t r a j e c t o r i e s  of t h e  lower o r d e r  
s y s t e m s .  F i g u r e  10 p r e s e n t s  t y p i c a l  t i m e  o p t i m a l  
t r a j e c t o r i e s  i n  t h r e e  a x e s  f o r  t w o  c o n d i t i o n s .  
T r a j e c t o r i e s  l a b e l e d  A ( s o l i d  l i n e s )  r e p r e s e n t  cases 
w h e r e  e x t e r n a l  t o r q u e s  a n d / o r  c r o s s - c o u p l i n g  h a v e  a 
n e g l i g i b l e  e f f e c t  upon dynamics .  Cases l a b e l e d  B 
( d o t t e d  l i n e s )  i n d i c a t e  what  i s  t o  b e  e x p e c t e d  when 
s u c h  n o n l i n e a r i t i e s  a r e  n o t  i n s i g n i f i c a n t .  Note 
t h a t  a x i s  1 i s  d r i v e n  c o n t i n u o u s l y  t o  t h e  t a r g e t ,  
w h e r e a s  a x e s  2 and 3 t o  e f f e c t  a f u e l  economy e n t e r  
a c o a s t i n g  p h a s e .  T h i s  i s  a r e s u l t  o f  t h e  t i m e  
s y n c h r o n i z a t i o n  p r o c e s s .  E x t e r n a l  t o r q u e s  and  E u l e r  
c r o s s - c o u p l i n g  a r e  a c c o u n t e d  f o r  d i r e c t l y  i n  t h e  
o p t i m a l  c o n t r o l  s t r a t e g y  and  r e s u l t  i n  m o d i f i e d  
t r a j e c t o r i e s  as  shown i n  t h e  f i g u r e .  T h i s  f e a t u r e  
c a n  b e  5 i g n i i i ~ d i i t  i i i  effecting f u e l  sa: . I~gs I n  t h e  
p r e s e n c e  o f  h i g h  e x t e r n a l  t o r q u e s  a n d / o r  h i g h  i n i -  
t i a l  a n g u l a r  r a t e s .  
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S i m u l a t i o n  and Test R e s u l t s  

P h a s e  I - S i m u l a t i o n s  I n v o l v i n g  I d e a l  T h r u s t e r  

i n e  f i r s c  s i m u i a c i o n  p h a s e  assumed u s e  or' 
i d e a l  t h r u s t e r s  and s e n s o r s .  Us ing  r e f e r e n c e  d e -  
s i g n  c o n _ s t a n t s  f rom T a b l e  l ,  p a r a m e t r i c  c a s e s  were  
s t u d i e d  v a r y i n g  t h e  t h r e e  w e i g h t i n g  f a c t o r s  i n  t h e  
p e r f o r m a n c e  i n d e x  i n  c o n j u n c t i o n  w i t h  i n i t i a l  and 
f i n a l  v a l u e s  of a t t i t u d e  p o s i t i o n  a n d  rates o n  e a c h  
o f  - h e  t h r e e  a x e s .  The p h a s e  p l a n e  d i a g r a m  w a s  
employed t o  r e p r e s e n t  t h e  r e s u l t i n g  t r a j e c t o r i e s .  
F i g u r e  11 p r e s e n t s  t h e  case o f  a 140 d e g r e e  ground 
t r a c k  ma6euver  c h o s e n  t o  o r i g i n a t e  a t  70 d e g r e e s  
s o u t h  l a t i t u d e  and  100 d e g r e e s  w e s t  l o n g i t u d e  and 
end, a t  70 d e g r e e s  n o r t h  l a t i t u d e  and  100 d e g r e e s  
w e s t  l o n g i t u d e .  F o r  t h e s e  r u n s  t h e  s p a c e c r a f t  i s  
p o s i t i o n e d  a t  a l o n g i t u d e  ( e q u a t o r i a l )  o f  100 d e -  
g r e e s  w e s t .  T h i s  s l e w i n g  maneuver  c a n  be  accom- 
p l i s h e d  by a s i n g l e  r o l l  a c t i o n .  The i n i t i a l  r o l l  
r a te  w a s  a r b i t r a r i l y  s e l e c t e d  t o  b e  z e r o .  The c a s e  

A =  1, 0 ,  0 r e p r e s e n t s  t h e  t i m e  o p t i m a l  r e s p o n s e .  
The maximum r o l l  ra te  e x p e r i e n c e d  was s l i g h t l y  i n  
e x c e s s  o f  1 .43  d e g r e e s  p e r  s e c o n d .  The r o l l  a x i s  
a r r i v e d  on  t a r g e t  w i t h o u t  e x p e r i e n c i n g  o v e r s h o o t .  
The s e c o n d  t r a j e c t o r y  d e m o n s t r a t e s  a r u n  w h e r e  
some w e i g h t i n g  i s  a p p l i e d  t o  p r o p e l l a n t  expended 
( A =  1, 2 ,  0) b u t  w h e r e  maximum r a t e  i s  n o t  r e -  
s t r i c t e d .  I n  t h i s  i n s t a n c e  t h e  p o s i t i v e  r o l l  j e t  
i s  a c t u a t e d  a t  time z e r o  and  r e m a i n s  on  u n t i l  t h e  
p o s i t i o n  r e a c h e s  a p p r o x i m a t e l y  15.5' f rom t h e  t a r -  
g e t  whereupon t h e  c o n t r o l  t u r n s  o f f  t h e  r o l l  j e t .  
I t  r e m a i n s  o f f  and  i n  a c o a s t i n g  mode u n t i l  t h e  
p o s i t i o n  r e a c h e s  a p p r o x i m a t e l y  1 . 6 0  f rom t h e  t a r g e t  
whereupon t h e  n e g a t i v e  r o l l  j e t  i s  a c t i v a t e d  d r i v -  
i n g  t h e  r o l l  ra te  t o  z e r o  a t  t h e  t a r g e t  p o s i t i o n .  
The t h i r d  t r a j e c t o r y  d e m o n s t r a t e s  t h e  i n f l u e n c e  o f  
t h e  w e i g h t i n g  f a c t o r  upon maximum a n g u l a r  r a t e .  I t  
w a s  f o u n d  t h a t  t h e  p r o p e l l a n t  w e i g h t i n g  f a c t o r  
c o u l d  b e  a d j u s t e d  t o  y i e l d  t r a j e c t o r i e s  e q u i v a l e n t  
t o  t h o s e  g i v e n  a maximum rate  l i m i t .  T h i s  r e d u c e s  
w e i g h t i n g  f a c t o r  commands t o  o n l y  t i m e  and  p r o -  
p e l l a n t .  The 140 d e g r e e  maneuvers  were r e p e a t e d  t o  
a s c e r t a i n  t h e  p € f e c t  of r e d u c i n g  a c t u a l  t h r u s t  
l e v e l  u n d e r  c o n d i t i o n s  where  t h e  c o n t r o l  l o g i c  w a s  
b a s e d  upon f u l l  r a t e d  t h r u s t .  The r e s u l t s  of t h e s e  
r u n s  are shown i n  F i g u r e  12. Here, a 757, r e d u c t i o n  
i n  a c t u a l  t h r u s t  was programmed i n t o  t h e  computer .  
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  s y s t e m  remained  
s t a b l e  u n d e r  t h e s e  c o n d i t i o n s  i n  s p i t e  of e x p e r i -  
e n c i n g  t w o  o v e r s h o o t s  p r i o r  t o  a r r i v a l  on  t a r g e t .  
The maximum a n g u l a r  ra te  was s l i g h t l y  lower t h a n  
t h e  i d e a l  c a s e ,  and t i m e  r e q u i r e d  t o  r e a c h  t a r g e t  
i n c r e a s e d  a c c o r d i n g l y .  Runs similar t o  t h o s e  shown 
were per formed d u r i n g  t h i s  p h a s e ,  and  i t  w a s  found 
t h a t  t h e  c o n t r o l  l a w  was i n h e r e n t l y  s t a b l e  t h r o u g h -  
o u t  t h e  e n t i r e  o p e r a t i n g  r a n g e  u n t i l  c o n t r o l  t o r q u e  
w a s  r e d u c e d  t o  t h e  l e v e l  o f  d i s t u r b a n c e  t o r q u e s .  
From F i g u r e  12 i t  i s  a p p a r e n t  t h a t ,  w i t h o u t  a n  
o p e n - l o o p  a d a p t i v e  f e a t u r e  o f  some s o r t ,  p a r t i a l  
f a i l u r e  of a j e t  ( l o s s  o f  t h r u s t )  c o u l d  r e s u l t  i n  
p r o p e l l a n t  c o n s u m p t i o n  p e n a l t y  d u e  t o  t h e  o v e r s h o o t .  
T h e r e  i s ,  however ,  a way t o  c d r r e c t  f o r  s u c h  p e r -  
f o r m a n c e  u s i n g  t h e  s u b j e c t  o p t i m a l  c o n t r o l  p o l i c y .  
By ground command, t h e  c o n t r o l  t o r q u e  c o n s t a n t  c a n  
b e  a d j u s t e d  t o  r e t u r n  t h e  p h a s e  p l a n e  b e h a v i o r  b a c k  
n e a r  t h e  i d e a l  case where  o v e r s h o o t  c a n  b e  e l i m i n -  
a t e d .  The c o n c e p t  o f  t i m e  s y n c h r o n i z a t i o n ,  d e s -  
c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n  was shown t o  s u b -  
s t a n t i a l l y  r e d u c e  any  i n f l u e n c e  d u e  t o  E u l e r  and 
i n e r c i a i  c r o s s  c o u p i i i i g .  i n  o r d e r  co p r e s e n L  mean- 
i n g f u l  c o m p a r i s o n s ,  a s l e w i n g  maneuver  f rom t h e  
Mojave t r a c k i n g  s t a t i o n  i n  t h e  U n i t e d  S t a t e s  t o  t h e  

-1 

Q u i t o  s t a t i o n  i n  Equador  w a s  u s e d  t o  e s t a b l i s h  p e r -  
f o r m a n c e  r u m p < .  F i g u r e  1 3  p r e s e n t s  t h e  t i m e  o p t i -  
m a l  p h a s e  p l a n e  t r a j e c t o r i e s  f o r  r o l l ,  p i t c h ,  and 
yaw a x e s  f o r  t h i s  case,  w h e r e  e x t e r n a l  t o r q u e s ,  and 
c r o s s  c o u p i i n g  cerms are i n c i u d e d .  Tile u 5 e  of i i i i i e  

s y n c h r o n i z a t i o n  p r o v i d e s  a second o r d e r  ( s u b - o p t i m i -  
z a t i o n )  on p r o p e l l a n t  consumed s i n c e  i t  i s  n o t  
i m p o r t a n t  t h a t  any  o n e  a x i s  be  on t a r g e t  p r i o r  t o  
t h e  r e m a i n i n g  t w o  a x e s .  The i n f l u e n c e  o f  non-  
l i n e a r i t i e s  i s  compensa ted  f o r  by t h e  s a m p l e d - d a t a  
a d j u s t m e n t  o f  t h e  b i a s  c o n s t a n t  i n  t h e  s w i t c h i n g  
f u n c t i o n s .  The n e x t  i m p o r t a n t  t r a d e o f f  i s  one  
i n v o l v i n g  f u e l  expended v e r s u s  s l e w i n g  t i m e  f o r  
p a r a m e t r i c  v a l u e s  o f  p e r f o r m a n c e  w e i g h t i n g  f a c t o r s .  
T h i s  i s  shown i n  F i g u r e  14. The s t a n d a r d  t o r q u e  
c u r v e  was g e n e r a t e d  u s i n g  t h e  r e f e r e n c e  d e s i g n  c o n -  
s t a n t s  f rom T a b l e  1. A t  1 2=0,  t h e  slew w i l l  be  
a c c o m p l i s h e d  i n  a t i m e  o p t i m a l  manner .  A s  i n c r e a s -  
i n g  v a l u e s  o f  t h i s  w e i g h t i n g  f a c t o r  a r e  a s s i g n e d  
( u s i n g  a c o n s t a n t  f u e l  w e i g h t i n g  f a c t o r )  t h e  s l e w -  
i n g  t i m e  i n c r e a s e s  and  f u e l  r e q u i r e d  r e d u c e s .  The 
e x p o n e n t i a l  n a t u r e  a n d  r a n g e  o f  t h e  a b s c i s s a  
d e f i n i t e l y  show t h a t  s i g n i f i c a n t  r e l a t i v e  s a v i n g s  
a r e  p o s s i b l e  by p r o p e r  c h o i c e  o f  w e i g h t i n g  c o n s t a n t s .  
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o p t i m a l  b e h a v i o r .  The p i t c h  a x i s  j e t  i s  t u r n e d  of f  
f o r  a m a j o r  p o r t i o n  o f  t h e  s l e w i n g  maneuver  i n  o r d e r  
t o  match a r r i v a i  times i n  b o t h  &es. The r o l l  a t t i -  
t u d e  d e v i a t i o n  shown i s  d u e  t o  t h e  large d i f f e r e n c e  
i n  mcz-ents of i n e r t i i  nn the t w o  axes. 
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(MOJAVE - QUITO 1 

F o r  e x a m p l e ,  a c o l d  g a s  p r o p e l l a n t  h a v i n g  a 
s p e c i f i c  i m p u l s e  o f  60  s e c o n d s  would r e q u i r e  s l i g h t -  
l y  i n  e x c e s s  o f  0 . 0 5  pounds consumed p e r  s l e w i n g  
maneuver  be tween Mojave and Q u i t o .  F o r  a r e a s o n -  
a b l e  estimate of  100 maneuvers  p e r  m i s s i o n  t h i s  
would come t o  5 pounds o f  f u e l  r e q u i r e d  j u s t  f o r  
t h i s  o p e r a t i o n .  By p e r m i t t i n g  t h e  s l e w i n g  i n t e r v a l  
t o  i n c r e a s e  f rom 131 s e c o n d s  i n  t h e  s u b j e c t  c a s e  t o  
280 s e c o n d s ,  a t h r e e  t o  one  r e d u c t i o n  i s  p o s s i b l e  
i n  f u e l  u s e d .  F o r  t h e  r e s i s t o j e t ,  a v e r a g e  s p e c i f i c  
i m p u l s e  v a l u e s  i n  t h e  r a n g e  of 240 s e c o n d s  have  
b e e n  o b t a i n e d  o v e r  o p e r a t i n g  p e r i o d s  of  130 s e c o n d s  
a t  power l e v e l s  of 30  w a t t s  o r  l e s s  u s i n g  t h e  t h e r -  
mal s t o r a g e  c o n c e p t .  T h i s  would d e c r e a s e  r e l a t i v e  
f u e l  p e n a l t y  by a f a c t o r  o f  a b o u t  t h r e e - f o u r t h s .  
Even i n  t h i s  c a s e ,  1 . 2 5  pounds o f  f u e l  would be 
r e q u i r e d  f o r  100 s l e w i n g  o p e r a t i o n s .  T h i s  f i g u r e  
c o u l d  w e l L  g o  as h i g h  as 5 pounds f o r  l a r g e  d i s c  
maneuvers .  TWO o t h e r  c u r v e s  are shown. One i n d i -  

. c a t e s  e f f e c t  o f  i n c r e a s i n g  c o n t r o l  t o r q u e  by 11% 
o v e r  r e f e r e n c e  v a l u e s  and  t h e  o t h e r  by d e c r e a s i n g  
c o n t r o l  t o r q u e  i n  t h e  same amount .  Note t h e  s u b -  
s t a n t i a l  i n f l u e n c e  o f  t h e  c o n t r o l  t o r q u e  p a r a m e t e r  
n e a r  t h e  v i c i n i t y  of  o p t i m a l  t i m e  maneuvers .  T o r -  
q u e  i n c r e a s e  t h u s  e f f e c t s  a f u e l  economy and  s h o u l d  
b e  u s e d  as a t r a d e o f f  p a r a m e t e r  i n  s y s t e m  d e s i g n .  

r o l l  a x i s  a n g l e s  d u r i n g  t h e  Mojave-Qui to  s l e w .  
T h e s e  traces a r e  o f  i n t e r e s t  i n  t h a t  t h e y  show t h e  
e f f e c t  o f  t i m e  s y n c h r o n i z a t i o n  upon a c h i e v i n g  n e a r -  

v> L s 5 , u r c  ^.._^ 15 p r e s c n t s  t h e  t i m e  t r a c e s  o f  p i t c h  and 

TIME HISTORY- SLEWING ANGLES- MOJAVE TO QUITO 
FIGURE 15 

F i g u r e  16 p r e s e n t s  t h e  l o n g i t u d e - l a t i t u d e  
g r o u n d  t r a c k  be tween t h e  t w o  s t a t i o n s .  I t  w a s  of 
c o n s i d e r a b l e  i n t e r e s t  t h a t  t i m e  o p t i m a l  maneuvers  
c r e a t e  t h e  g r e a t e s t  d e v i a t i o n  from a g r e a t  c i rc le  
p a t h  be tween t h e  t w o  p o i n t s .  As p r o p e l l a n t  i s  
w e i g h t e d  more h e a v i l y  t h e  d e v i a t i o n  becomes less 
pronounced  a n d  a p p r o a c h e s  a s t r a i g h t  l i n e  a p p r o x i -  
m a t i o n .  The same b e h a v i o r  w a s  o b t a i n e d  by w e i g h t -  
i n g  o f  maximum a l l o w a b l e  ra tes  on p i t c h  and r o l l  
a x e s .  The o p t i m a l  c o n t r o l  model p e r m i t s  a n o t h e r  
i n t e r e s t i n g  p o s s i b i l i t y  f o r  g e n e r a t i o n  o f  p r e d e t e r -  
mined ground t r a c k s .  T h i s  i s  a c c o m p l i s h e d  by 
g e n e r a t i n g  t h e  t a r g e t  r e f e r e n c e  c o o r d i n a t e s  a s  a n  
i n p u t  ( t i m e  v a r y i n g )  t o  t h e  o p t i m a l  c o m p u t e r .  By 
a d j u s t m e n t  of  t h e  w e i g h t i n g  p a r a m e t e r s ,  i t  i s  p o s -  
s i b l e  t o  c l o s e l y  f o l l o w  a p r e - s e l e c t e d  p a t h  a t  
p r e s c r i b e d  a n g u l a r  r a t e s ,  and t o  a r r i v e  on  a n y  tar-  
g e t  a t  p r e d e t e r m i n e d  t i m e .  
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P h a s e  I1 - S i m u l a t i o n s  I n v o l v i n g  Real T h r u s t e r  
E f f e c t s  

The second p h a s e  o f  s i m u l a t i o n  i n v o l v e d  s u b -  
s t i t u t i o n  of  r e a l  t h r u s t e r  e f f e c t s  i n t o  t h e  mathe-  
m a t i c a l  model .  U s i n g  t h e  c o n s t a n t  mass f l o w  f e e d  
s y s t e m  apprnzch,  a. ser ies  o f  t h r u s t e r  component  
t es t s  were c o n d u c t e d  t o  c h a r a c t e r i z e  t h r u s t - t i m e  
b e h a v i o r  o v e r  p e r i o d s  r a n g i n g  u p  to  10 m i n u t e s .  
F o r  a c o n s t a n t  power i n p u t  o f  30 w a t t s  i t  w a s  
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f o u n d  t h a t  measured  t h r u s t  d e g r a d e d  by 40 p e r c e n t  a t  
t h e  end o f  a n  8 m i n u t e  c o n t i n u o u s  p u l s e .  A s imu-  
l a t i o n  r u n  w a s  per formed u s i n g  bang-bang p o s i t i o n  
error c o r r e c t i o n  f o r  a t y p i c a l  6 d e g r e e  r o l l  a n g l e  
e x c u r s i o n  of t h e  p o i n t i n g  v e c t o r ,  w h e r e  t h r u s t  p r o -  
d u c e d  bv c o n s t a n t  mass f l o w  f e e d  w a s  assumed.  T h i s  
wascanpared with r e s u l t s  using cptimal c o n t r o l  p o l i c y  
t a k e n  Tor a n  " i d e a l "  t h r u s t e r  e x h i b i t i n g  c o n s t a n t  
t h r u s t  l e v e l  over t h i s  p e r i o d .  The i d e a l  rase 
r e q u i r e d  a nominal  3 m i n u t e  s l e w i n g  t i m e  f o r  t h e  
w e i g h t i n g  p a r a m e t e r s  employed.  S u b s t i t u t i o n  of t h e  
"real e f f e c t s "  model and  n o n - o p t i m a l  c o n t r o l  p r o -  
d u c e d  f o u r  o v e r s h o o t s  p r i o r  t o  f i n a l  t a r g e t  a c q u i s i -  
t i o n .  The s l e w i n g  time i n c r e a s e d  a c c o r d i n g l y  to  
a p p r o x i m a t e l y  8 m i n u t e s .  
s u b s t i t u t i o n  o f  n e a r - o p t i m a l  c o n t r o l  u s i n g  A2=0 
as  shown i n  F i g u r e  17. S l e w i n g  t i m e  was  r e d u c e d  
t o  4 . 2  m i n u t e s  f o r  t h e  t i m e  o p t i m a l  w e i g h t i n g .  
O t h e r  p e r f o r m a n c e  w e i g h t i n g s  a r e  a l s o  shown, and 
i t  i s  e v i d e n t  t h a t  a v a l u e  n e a r  = 0.5 i s  t h e  
b e s t  t i m e  o p t i m a l  c a s e  f o r  t h e  s u b j e c t  real  
t h r u s t e r  e f f e c t s .  A s  w e i g h t i n g  i s  f u r t h e r  i n -  
c r e a s e d ,  s l e w i n g  t i m e  s u b s t a n t i a l l y  i n c r e a s e s  a s  
f u e l  consumed i s  d e c r e a s e d ,  T h e s e  c a s e s  were  g e n e r -  
a t e d  u s i n g  maximum r a t e d  t h r u s t  (FR)  o f  t h e  j e t  as 
t h e  c o n s t a n t  (Fc)  i n  t h e  o p t i m a l  c o n t r o l  model .  
F i g u r e  18 i n d i c a t e s  t h e  e f f e c t  o f  reprogramming FC 
so t h a t  i t  i s  e q u a l  t o  0 . 7  FR i n  t h e  c o n t r o l  model .  
Now, t i m e  o p t i m a l  w e i g h t i n g  ( i . e .  X,=O)  o c c u r s  
v e r y  c l o s e  t o  t h e  t i m e  o p t i m a l  c o n d i t i o n .  T h i s  
method of c o r r e c t i n g  f o r  a c t u a l  t h r u s t e r  b e h a v i o r  
i s  a p o w e r f u l  o n e ,  and c a n  e a s i l y  be  i n c o r p o r a t e d  
i n t o  o n - b o a r d  s p a c e c r a f t  c o m p u t e r s .  

T h i s  w a s  f o l l o w e d  by 
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REAL THRUSTER EFFECTS 
TIME-FUEL CURVE 
(MOJAVE- QUITO 1 

FIGURE 17 

P h a s e  111 - S i m u l a t i o n s  I n v o l v i n g  Closed-Loop 
A c t u a l  Hardware T e s t s  

A series o f  t es t s  were per formed where a c t u a l  
t h r u s t e r  h a r d w a r e  was s u b s t i t u t e d  i n t o  t h e  ro l l  

d i r e c t  f e e d b a c k  i n t o  t h e  c o m p u t e r  s i m u l a t i o n .  The 
g e n e r a l  b l o c k  d i a g r a m  shown i n  F i g u r e  5 r e p r e s e n t s  
i n t e r - r e l a t i o n s h i p  o f  m a j o r  s y s t e m  e l e m e n t s .  
t h e s e  t es t s  t h e  maximum r a t e d  t h r u s t  was 0 . 0 2  l b s ,  
and  t h e  r o l l  a x i s  moment o f  i n e r t i a  changed  t o  
3200 s l u g s - f t 2 .  A p r e s s u r e  r e g u l a t e d  f e e d  s y s t e m  
W ~ B  a ~ ~ p ~ ~ y a d  iii c o n j u n c t i o n  w i t h  t h e  c a l i b r a t e d  
volume s p h e r e  f o r  d e t e r m i n a t i o n  o f  mass f l o w  r a t e .  
E q u a t i o n s  of s ta te  f o r  g a s e o u s  ammonia as e x p r e s s e d  
i n  d i f f e r e n t i a l  form were  i n t e g r a t e d  i n  r e a l  t i m e  

. c o n t r o l  l o o p  and measured  t h r u s t  employed a s  a 
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REAL THRUSTER EFFECTS WITH MODIFIED CONTROC 
T I M E - F U E L  CURVE (MOJAVE-  Q U I T O )  

F I G U R E  18 

on t h e  E A 1  231R c o m p u t e r  t o  o b t a i n  mass f l o w  and  
t h e n  combined w i t h  t h e  t h r u s t  measurement  t o  
e s t a b l i s h  s p e c i f i c  i m p u l s e .  The SDS-920 c o m p u t e r  
r e c o r d e d  a l l  measured  e n g i n e  v a r i a b l e s  f o r  p o s t  
o p e r a t i o n  d a t a  p r o c e s s i n g .  
f l o w  d a t a  was o b t a i n e d .  

Both h o t  f l o w  and  c o l d  

I n  t h e  c o l d  f l o w  tes t s ,  s i g n a l  t o  n o i s e  r a t i o s  
f o r  t h r u s t  and  p r e s s u r e - t e m p e r a t u r e  measurements  
w e r e  b e t t e r  t h a n  90  t o  one .  I t  was found i n  t h e  
h o t  t h r u s t e r  t e s t s  t h a t  t h e  t h r u s t  b a l a n c e  n o i s e  
l e v e l  was s u b s t a n t i a l l y  a f f e c t e d  by t h r u s t e r  o p e r -  
a t i n g  t e m p e r a t u r e  a n d  t e m p e r a t u r e  v a r i a t i o n s .  By 
f i l t e r i n g ,  i t  was p o s s i b l e  t o  o b t a i n  a t h r u s t  S/N 
r a t i o  o f  10 t o  1. A s  o f  t h i s  w r i t i n g ,  h o t  t h r u s t e r  
t e s t s  a r e  i n c o m p l e t e  a n d  f u r t h e r  n o i s e  r e d u c t i o n  i s  
n e c e s s a r y  f o r  t h e  t h r u s t  b a l a n c e .  
t h e  nvPraI1 s i m u l a t i o n  s v s t e m  c a p a b i l i t y ,  r e s u l t s  
o f  c o l d  f l o w  t h r u s t e r  t e s t s  a r e  p r e s e n t e d  h e r e i n .  
F i g u r e  19 i s  a p l o t  o f  t h e  r o l l  a x i s  p h a s e  p l a n e  
which  was g e n e r a t e d  d u r i n g  a c l o s e d - l o o p ,  t h r e e  
a x i s  t e s t .  Note t h a t  one  o v e r s h o o t  r e s u l t e d  i n  
t h e  t r a j e c t o r y  p r i o r  t o  r e a c h i n g  t a r g e t  d e s t i n a t i o n .  
T h i s  w a s  a t t r i b u t e d  t o  some v a r i a t i o n  a c t u a l l y  e x -  
p e r i e n c e d  i n  t h r u s t  o u t D u t  o v e r  t h e  r u n .  
t es t s  p o i n t e d  t o  l a c k  o f  a d e q u a t e  p r e s s u r e  r e g u l a -  
t i o n  a s  t h e  s o u r c e  o f  t h i s  problem. The s i n g l e  
o v e r s h o o t  c a n  b e  r e a d i l y  removed by a d j u s t m e n t  o f  
t h e  c o n t r o l  c o n s t a n t s  i n  a n y  e v e n t .  F i g u r e  2 0  p r e -  
s e n t s  t i m e  h i s t o r i e s  o f  p r o p e l l a n t  f l o w  ra te ,  
t h r u s t ,  and  s p e c i f i c  i m p u l s e  d u r i n g  t h e  c o l d  f l o w  
t h r u s t e r  t e s t .  The d o t t e d  l i n e  shown i n  t h e  
t h r u s t - t i m e  t r a c e  i s  meant  t o  r e p r e s e n t  t h e  a c t u a l  
c o n d i t i o n  where  t h e  o p p o s i n g  r o l l  j e t  i s  a c t i v a t e d  
d u r i n g  t h e  s l e w i n g  maneuver .  
i m p u l s e  remained  e s s e n t i a l l y  c o n s t a n t  t h r o u g h o u t  
t h e  r u n  a t  100 s e c o n d s .  T h e r e  a p p e a r e d  t o  b e  c o n -  
s i d e r a b l e  r ise  and t a i l o f f  a s s o c i a t e d  w i t h  t h e  
s e l e c t e d  t h r u s t e r - f e e d  s y s t e m  c o n f i g u r a t i o n .  No 
a t t e m p t  w a s  made i n  t h i s  program t o  r e d u c e  t h e s e  
t i m e  c o n s t a n t s ,  b u t  f o r  s h o r t  t e r m  p u l s e  mode 
a p p l i c a t i o n  (as  i n  t h e  f i n e  p o i n t i n g  mode) s u c h  
improvements  would b e  n e c e s s a r y  t o  o p t i m i z e  p e r -  
f o r m a n c e .  

To i l l u s t r a t e  

F u r t h e r  

C a l c u l a t e d  s p e c i f i c  
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PHASE PLANE-ACTUAL THUSTER PERFORMANCE 
FIGURE 19 

TIYE I S E C W D S I  

COLD FLOW THRUSTER PERFORMANCE 
FIGURE 20 

Summary 

The v a l u e  of o p e n - l o o p  a d j u s t m e n t  o f  dynamic 
p e r f o r m a n c e  u s i n g  t h e  o p t i m a l  c o n t r o l  p o l i c y  d e s -  
cLi;ed L - -  L-- . .  > ^ _ ^ _ ^  * _ ^ + ^  

t h r u s t e r  e f f e c t s ,  one  c a n  a d a p t  s l e w i n g  b e h a v i o r  t o  
p r e s c r i b e d  c o n d i t i o n s  by reprogramming o f  w e i g h t i n g  
p a r a m e t e r s  and c o n t r o l  c o n s t a n t s .  To d a t e ,  o n l y  
l i m i t e d  a s s e s s m e n t  h a s  b e e n  p o s s i b l e  of  p o t e n t i a l  
c a p a b i l i t i e s  o f  t h i s  o p t i m a l  c o n t r o l  a p p r o a c h .  
P r e l i m i n a r y  e s t i m a t e s  h a v e  b e e n  made o f  t h e  r e q u i r -  
e d  c o m p u t e r  s i z e  f o r  on-board  s p a c e c r a f t  a p p l i c a -  
t i o n .  
r e q u i r e d  12 ,250  o c t a l  l o c a t i o n s  on  t h e  SDS-9300 
c o m p u t e r .  T h i s  i n c l u d e s  t h e  main program,  a l l  re-  
q u i r e d  s u b - r o u t i n e s  f o r  i n p u t - o u t p u t  and  f o r  d i s -  
t u r b a n c e  t o r q u e  c o m p u t a t i o n s .  T h i s  d o e s  n o t  i n -  
c l u d e  a d i g i t a l  s u b - r o u t i n e  f o r  real  s e n s o r  e f f e c t s .  
Programming w a s  per formed i n  F o r t r a n  I V  u s i n g  a 
main e x e c u t i v e  r o u t i n e  and  modular  c o n s t r u c t i o n .  
I t  would r e q u i r e  a p p r o x i m a t e l y  4370 o c t a l  l o c a t i o n s  
f o r  s p a c e c r a f t  a p p l i c a t i o n ,  where  u n n e c e s s a r y  
r o u t i n e s  f o r  i n p u t - o u t p u t  and  d i s t u r b a n c e  t o r q u e s  
are e l i m i n a t e d  f rom r e q u i r e m e n t s .  I t  i s  f u r t h e r  
e s t i m a t e d  t h a t  3500 oc t a l  l o c a t i o n s  c o u l d  s a t i s f y  
t h e  program r e q u i r e m e n t s  i f  machine  l a n g u a g e  p r o -  
gramming were employed,  and  t h a t  e v e n  f u r t h e r  re-  
d u c t i o n s  a r e  p o s s i b l e  by g o i n g  t o  a s p e c i a l  p u r -  
p o s e  ( w i r e d - i n )  c o m p u t e r  c o n c e p t .  T h i s  c o r e  s i z e  
i s  c o n s i d e r e d  e n t i r e l y  r e a l i s t i c  f o r  s p a c e c r a f t  u s e  
i n  terms o f  r e q u i r e d  volume,  w e i g h t ,  and  power i n -  
p u t .  Fol low-on e f f o r t  i s  b e i n g  d i r e c t e d  toward a 
f u l l  i m p l e m e n t a t i o n  o f  r e a l  s e n s o r  e f f e c t s  i n t o  t h e  
d y n a m i c s  model  and e x t e n s i o n  of  t h e  s t r u c t u r e  c o n -  
c e p t  t o  i n c l u d e  e l a s t i c  body e f f e c t s  d u e  t o  a n t e n n a  

,,a* "CCll  UTI I IUI IOCIOLCd. F o r  r s z l  

The p r e s e n t  d i g i t a l - a n a l o g  h y b r i d  program 
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a n d  solar p a d d l e s .  F u t u r e  a p p l i c a t i o n s  w i l l  i n -  
c l u d e  (1) e x t e n s i o n  o f  t h e  c q n t r o l  model  t o  i n c l u d e  
a s e l f - a d a p t i v e  c o m p u t e r  i n  c l o s e d - l o o p  f o r  s y s t e m  
o p t i m i z a t i o n ,  a n d  ( 2 )  deve lopment  o f  o p t i m a l  t r a c k -  
i n g  o r  mapping p o l i c i e s  w h e r e  target c o n d i c i o n s  are 
e x p r e s s e d  as  p r e s c r i b e d  t i m e  f u n c t i o n s .  

R e f e r e n c e s  

1. A I A A  P a p e r  76-622,  "Design and P e r f o r m a n c e  of 
a Thermal  S t o r a g e  R e s i s t o j e t " ,  R. N .  Gibson  & 
T. A.  Cygnarowicz ,  Goddard Space  F l i g h t  C e n t e r  

2. F i n a l  R e p o r t  on S y n t h e s i s  o f  O p t i m a l  C o n t r o l  for 
S a t e l l i t e  A t t i t u d e  Maneuvers  P r e p a r e d  b y  Mathe-  
matical S c i e n c e s  Group,  C o l l e g e  P a r k ,  Maryland ,  
u n d e r  C o n t r a c t  to  GSFC NAS 5-10349.  

10 


